Objectives The aim of this study was to evaluate a prototype correction algorithm to reduce metal artefacts in flat detector computed tomography (FDCT) of scaphoid fixation screws. FDCT has gained interest in imaging small anatomic structures of the appendicular skeleton. Angiographic C-arm systems with flat detectors allow fluoroscopy and FDCT imaging in a one-stop procedure emphasizing their role as an ideal intraoperative imaging tool. However, FDCT imaging can be significantly impaired by artefacts induced by fixation screws.
Abbreviations

FDCT Flat detector computed tomography HU
Hounsfield units ICC Intra-class correlation coefficient kV Kilovolts mAs
Milliampere-seconds MDCT Multi-detector computed tomography ROI Region of interest
Introduction
Internal fixation screws for treatment of scaphoid fractures have been shown to reduce fracture-associated complications, such as non-union or osteonecrosis [1, 2] . Early detection of postoperative complications, including delayed bone healing, infection, or screw loosening, is crucial but can be challenging [3] . Multi-detector computed tomography (MDCT) is often used to detect complications after scaphoid screw fixation. Its advantages include high spatial resolution and the possibility of multi-planar reformation [4] [5] [6] . Recently, due to its inherent higher spatial resolution, flat detector computed tomography (FDCT) has gained interest as an alternative to MDCT in imaging small anatomic structures of the appendicular skeleton such as the wrist [7] [8] [9] . In addition, angiographic C-arm systems are equipped with flat detectors and allow fluoroscopy and FDCT imaging in a one-stop procedure emphasizing their role as an ideal intraoperative imaging tool, for example for internal fixation of scaphoid fractures. The FDCT technique may allow radiologists and/or trauma surgeons to directly verify fragment adaptation and hardware position intra-operatively.
However, similar to MDCT, metal-induced artefacts are an issue in FDCT because photon starvation and X-ray beam hardening may impair image quality and depiction of pathologies adjacent to the orthopedic hardware [10] . In the case of scaphoid fixation screws, these artefacts may impair radiological evaluation of the screw contour, fracture line, nearby bone trabeculae, and soft tissue.
In order to overcome metal-induced artefacts in MDCT, numerous algorithms and techniques have been proposed [11] [12] [13] [14] [15] [16] [17] [18] [19] . Unfortunately, they cannot simply be implemented into FDCT due to fundamental differences in imaging protocols and image reconstruction. Therefore, current research focuses on the development of new metal artefact reduction algorithms dedicated to FDCT and their validation in clinical routine [10, 20, 21] .
The aim of this study was to evaluate a new prototype correction algorithm to reduce metal artefacts in FDCT of scaphoid fixation screws. The hypothesis was that the algorithm would significantly reduce artefacts, thereby improving the depiction of the screw contour, fracture line, nearby bone trabeculae, and soft tissue, which is important in the interpretation of postoperative scaphoid bone images.
Materials and methods
Specimens and scaphoid screws
According to local regulations and laws, no ethical approval was required for this post-mortem study on six cadaveric specimens, which had been voluntarily donated to the institute of anatomy of our university. Each specimen (four right-sided, two left-sided) consisted of an upper extremity conserved in a dedicated Thiel solution allowing flexible conservation of soft tissues. None of the donators, whose personal data (name, age, gender) were blinded, had a history of fracture or surgical procedure of the upper extremity.
One senior hand surgeon (MC) with 15 years of clinical experience artificially induced complete scaphoid waist fractures in all six specimens and then inserted three different types of headless and cannulated titanium-based fixation screws. Each screw type was used in two specimens, respectively. Length and leading thread diameter of the three screw types were 20/2.0 mm (Martin Corp., Jacksonville, FL, USA), 26/2.2 mm (Medartis Corp., Basel, Switzerland), and 26/ 3.0 mm (Synthes Corp., West Chester, PA, USA), respectively.
Image acquisition
All images were acquired in June 2013 using an angiographic unit with a C-arm flat detector (Artis Zeego, Siemens Healthcare, Forchheim, Germany). Detector dimensions were 38×30 cm 2 with a physical pixel size of 154×154 μm 2 (effective pixel size of 308×308 μm 2 at 2×2 binning). By means of localizer images at 0°and 90°azimuth, the cadaveric specimens were positioned such that the scaphoid screw lay in the isocenter of the scan field and with the long axis 45°perpendicular to the XYplane of the scanner, representing physiological hand position in clinical routine and allowing standardized artefact measurement at the same time.
CT scans of each specimen were performed using two different clinically approved sequences ; matrix, 512×512×431 isotropic voxels; resulting voxel edge length, 70μm) and a high convolution bone kernel. The vendor provided a new prototype algorithm for metal artefact reduction, which was applied to generate "corrected" images out of the "uncorrected" initial images.
The algorithm applied, which is part of a broader package for metal artefact reduction in C-arm FDCT images, consists of the following steps: an initial reconstruction yielding a volume with artefacts, i.e., an uncorrected volume, next the correction of the projection data affected by metal, and then a final reconstruction using the corrected data. The correction itself consists of the segmentation of the metal object in the uncorrected volume, which leads to a binary volume, where a voxel value of one indicates metal, and zero non-metal. This binary volume is used to compute the metal shadow in each projection image. Thus, in each image the region affected by rays having passed through metal is determined. The data of this region are responsible for the artefacts, and therefore they have to be replaced. This is done by a non-linear interpolation procedure using the boundary data of the metal region as input. The corrected projection images are then used for the final reconstruction (Fig. 1) . The entire process is based on a semiautomatic approach and takes about 2-5 min, depending on the hardware used.
Quantitative and qualitative assessment
All images were loaded to the 3D-viewing card of the Syngo workstation for further evaluation. Prior to image evaluation, the visual contrast was standardized for optimal interpretation of screw and bone structures (level, 3,000 Hounsfield units (HU); window, 11,000 HU). Images were assessed quantitatively and qualitatively. Quantitative assessment was performed by one reader measuring the artefact-related noise, defined as standard deviation of HU, in standardized rectangular regions of interest (ROIs) on MPRs parallel to the longest diameter of screws. ROIs were placed as follows: two ROIs at the proximal thread (width, 1 mm; length, 3 mm), two at the level of the shaft (width, 1 mm; length, 5 mm), and two around the leading thread (width, 1 mm; length, 5 mm) (Fig. 1 ). Different steps of the prototype algorithm for metal artefact reduction. First, the metal object (scaphoid fixation screw) is segmented, which leads to a binary volume, Fig. 1 Different steps of the prototype algorithm for metal artefact reduction. First, the metal object (scaphoid fixation screw) is segmented, which leads to a binary volume, where a voxel value of one indicates metal, and zero non-metal. Next, the metal shadow is computed in each projection image. The data in regions affected by artefacts are replaced based on a non-linear interpolation procedure where a voxel value of one indicates metal, and zero nonmetal. Next, the metal shadow is computed in each projection image. The data in regions affected by artefacts are replaced based on a non-linear interpolation procedure. Furthermore, standardized ROIs were measured in the lunate bone, in the thenar muscles, and in the air surrounding the cadaveric specimen (circular, 6 mm 2 each). Additionally, the proximal screw thread diameter was measured on all images.
Qualitative assessment was performed on multi-planar reconstructed images in random order by two independent radiologists (R1 and R2, 2 and 5 years of experience in musculoskeletal imaging) who were blinded to the acquisition protocol and correction algorithm. Both readers judged the amount of artefacts using a fourpoint Likert scale (1, poor image quality and/or extensive artefacts; 2, markedly compromised image quality and/or marked artefacts; 3, good image quality and/or few artefacts; 4, excellent image quality and/or no artefacts). Furthermore, a four-point grading system was used for the evaluation of the screw contour, fracture line, bone visibility, and soft tissue definition (1, poor definition and/or very irregular screw margins; 2, reduced definition and/or markedly irregular margins; 3, good definition and/or slightly irregular margins; 4, clear definition and/or smooth margins). Bone visibility was defined as definition of spongiotic trabeculae. Soft tissue definition was defined as the definition of borders between fat and muscle tissue. Figure 3 illustrates the quantitative and qualitative assessment.
Statistical analysis
Statistical analysis was performed using commercially available software (IBM SPSS Statistics, version 19, IBM Corp., Somers, NY, USA). Normal distribution of variables was evaluated using the Kolmogorov-Smirnov test. In case of normal distribution, quantitative variables were compared using paired t tests. The Wilcoxon signed-rank test was used for quantitative variables without normal distribution (e.g., screw diameter) and all qualitative variables (e.g., four-point Likert scale for amount of artefacts on corrected vs. uncorrected images). For all tests, a p value of<0.05 was considered to indicate statistically significant differences. For the evaluation of the inter-observer agreement in qualitative analysis, intra-class correlation coefficient (ICC) was calculated. According to Landis and Koch [22] , the ICC was interpreted as follows: poor (≤0. 
Results
Quantitative analysis
Descriptive data and statistical analyses are presented in Tables 1 and 2 . The artefact-related noise around the scaphoid fixation screws was significantly lower on the images corrected with the new artefact reduction algorithm in both the 5-s and 20-s sequences (p<0.001) (Fig. 2) . The respective noise measured in the lunate, thenar muscles, and air tended to be reduced by the algorithm; however, the differences were not always statistically significant (Fig. 3) . The 20-s sequence showed significantly lower noise compared with the 5-s sequence on both uncorrected and corrected images around the screw, in the lunate (except for the uncorrected images), in the thenar muscles, and in the air measured at the edge of the display field of view (p<0.05 each). No significant difference was found in screw diameter measurements among the four different sequences.
Qualitative analysis
Descriptive data and statistical analysis of qualitative evaluation are listed in Tables 3 and 4 . On images corrected with the metal artefact algorithm, artefacts were significantly fewer (p<0.001), the screw contour was better visible (p<0.001), and the fracture line was more clearly defined (p<0.01) compared to the uncorrected images (Fig. 4) . The definition of the fracture line was significantly better on 20-s sequences compared to 5-s sequences on both corrected and uncorrected images (p<0.05). Furthermore, bone visibility and soft tissue definition were rated superior on 20-s images (uncorrected Table 3 Qualitative analysis of different parameters on uncorrected and corrected images acquired with 5-s and 20-s sequences, respectively, performed by two independent readers. ICC intra-class correlation coefficient; IQR inter-quartile range; R1 reader one; R2 reader two. * rating: 1, extensive artefacts; 2, marked artefacts; 3, few artefacts; 4, no artefacts. ** rating: 1, poor definition and/or very irregular screw margins; 2, reduced definition and/or markedly irregular margins; 3, good definition and/or slightly irregular margins; 4, clear definition and/or smooth margins images: p<0.01; corrected images: p<0.05). An "almost perfect" inter-observer reliability was indicated by an overall ICC of 0.85 (range, 0.76-0.88, p<0.001).
Discussion
Artefacts in CT induced by scaphoid fixation screws may substantially impair early detection of postoperative complications, such as delayed bone healing, infection, or screw loosening [3] . The relatively new FDCT technique has been shown to be superior to MDCT in the imaging of small anatomic structures of the appendicular skeleton [7, 9] . Additionally, due to its full fluoroscopic versatility, mobile C-arm FDCT facilitates direct intra-and postoperative verification of screw position and fragment adaptation. Modern angiographic units and hybrid operation rooms are hence increasingly often equipped with FDCT technology, as this allows full intraoperative 3D imaging with high spatial resolution at generally low radiation dose [8, 23, 24] . Current research focuses on the development of metal artefact reduction algorithms dedicated to FDCT [10, 20, 21] . This study is the first to present a prototype correction algorithm for artefacts in FDCT induced by metal hardware in the appendicular skeleton, i.e., scaphoid fixation screws. The initial images, on which no correction algorithm was applied, showed severe streak artefacts, particularly affecting the screw contour and the fracture line. This may hamper direct intraoperative verification of hardware location and Images are oriented parallel and orthogonal to the screw as well as axial to the scanner position ("true axial"). Window and level are 11,000 and 3,000 Hounsfield units (HU), respectively. The two images on the bottom show the difference between the corrected and uncorrected images in the 5-s and 20-s sequences, respectively, and illustrate the amount of artefacts removed by the algorithm fracture adaption, one of the main advantages of mobile Carm FDCT in musculoskeletal surgery. The new metal artefact correction algorithm, however, proved effective in artefact reduction and significantly improved depiction of the nearby structures of interest. Most metal artefact reduction algorithms have their inherent limitations and may produce other artefacts [11] . However, we did not observe any negative effects caused by the algorithm that would have impaired image interpretation.
Soft tissue definition was rated rather poor in qualitative assessment. These findings are in agreement with former observations that FDCT is mainly valuable for imaging of high-contrast structures (i.e., bones, iodinated contrast) [9, 25] .
Compared to the 5-s sequences, the 20-s sequences (with more projections and higher radiation dose) showed a significantly lower noise, and most qualitative variables were rated superior over the 5-s sequences. These findings are in accordance with former results from Guggenberger et al. [26] . On the 5-s sequence images, the mean density was measured around 50 HU higher in the lunate and around 50 HU lower in the thenar muscle compared to the 20-s sequence. Due to a high standard deviation in both groups, this difference was not statistically significant. Nevertheless, this result remains remarkable and indicates poor reliability of density measurement depending on different radiation doses.
No significant difference was found between uncorrected and corrected images in terms of densities, which means that the metal artefact correction algorithm did not alter densities, but only the noise. This characteristic is crucial for reliable interpretation of postoperative follow-up images.
There are limitations to this study. First, this is an ex vivo study design. No volunteers or patients were included, mainly for ethical reasons which obviate scanning of study subjects using a non-certified imaging technique. However, the specimens were conserved in a dedicated Thiel solution maintaining the integrity of soft tissue compartments, and physiological hand position was ensured. Second, although the two readers were entirely blinded to image parameters, the differences between corrected and uncorrected images often were obvious so that, with increasing experience, the readers could recognize whether the algorithm had been applied or not. This may have influenced the qualitative scoring but not the quantitative measurement. Third, this algorithm has shown to work well with small-sized orthopedic hardware, i.e., scaphoid fixation screws. Larger and large-sized hardware need to be tested in the future. Fourth, the sample size of this study was rather small, owing to the complex preparation of the specimens; in the future, other studies with larger study samples may be necessary to confirm our findings.
In conclusion, our results suggest that the prototype correction algorithm in FDCT for metal artefacts induced by scaphoid fixation screws may facilitate intra-and postoperative follow-up imaging.
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